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ALMA
The design of ALMA is driven by three key science goals: 
 ▪ The ability to detect spectral line emission from CO or [CII] in a normal galaxy like the 
Milky Way at a redshift of z=3, in less than 24 hours, 
 ▪ The ability to image the gas kinematics in protostars and in protoplanetary disks around 
young Sun-like stars in the nearest molecular clouds (150 pc), 
 ▪ The ability to provide precise high dynamic range images at an angular resolution of 0.1 
arcsec. 
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JVLA+ALMA:	molecules	and	atoms
Redshifted frequencies	of	molecular	and	atomic	lines	observable	in	the	ALMA	bands.
The	filled	circles	correspond	to	lines	detected	at	the	time	of	publication	(Carilli &	Walter	2013).
Molecular and atomic lines observable with ALMA (Carilli & Walter 2013) 
Filled circles correspond to detections (up to 2013)
Molecules and atoms with ALMA and the JVLA
CO line emissions for galaxies in SpARCS clusters at z~1.6
Fully observed ALMA Cycle 3 ‘filler’ project   (PI: Allison Noble, MIT) 
• two pointings at 3 mm for three z~1.6 galaxy clusters from SpARCS (PI: Gillian Wilson, UC Riverside) 
• CO(2-1) line emission of sources with confirmed spectroscopic redshifts 
• additional data in 18 bands from UV to 500 micron (Herschel SPIRE)
Figure 2: g′z′[3.6] images of J1053 (upper left), J0224 (lower left) and J0330 (upper right), and
J0225 (lower right) spectroscopically confirmed at z = 1.646, 1.633, 1.626 and 1.594 (Muzzin et al.
2013, DeGroot et al. 2013, in prep, Wilson et al. 2013, in prep). The FOV is ∼ 3 arcmin on a side
(∼ 1.5 Mpc at the redshift of the clusters). Note the large number of massive (3.6-µm bright)
galaxies, for most of which we were unable to obtain a redshift from the ground. 17-passband
broadband imaging spanning UV, optical, near-IR, Spitzer IR and Herschel far-IR is in hand.
Cluster Redshift Members Imaging
J105348+580444 (J1053) zspec = 1.646± 0.002 9 u′g′r′i′z′JKs[3.6][4.5][5.8][8.0][24][110][160][250][350][500]
J022426-032330 (J0224) zspec = 1.633± 0.001 12 u′g′r′i′z′YJKs[3.6][4.5][5.8][8.0][24][110][160][250][350][500]
J033057-284300 (J0330) zspec = 1.626± 0.001 12 u′g′r′i′z′YJKs[3.6][4.5][5.8][8.0][24][110][160][250][350][500]
J022546-035517 (J0225) zspec = 1.594± 0.001 11 u′g′r′i′z′YKs[3.6][4.5][5.8][8.0][24][110][160][250][350][500]
Summary of in hand-spectroscopy and multi-passband broadband imaging. J1053 &
J0225 have 17-passband imaging, and J0224 & J0330 have 18-passband imaging. The limiting
magnitudes are 26.3, 27.6, 27.2, 27.0, 25.6, 25.2, 24.5, 23.5, 23.1, 23.1, 19.7, 19.7, 18.0, 20.3, 19.9,
21.0, 20.7, 20.8 AB (5σ) at u′g′r′i′z′YJKs[3.6][4.5][5.8][8.0][24][110][160][250][350][500].
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CO(2-1) emissions in the XMMXCS J2215.9-1738 galaxy cluster 5
TABLE 1
Properties of CO(2–1) emission lines
ID R.A. Dec. redshift† line width L0CO(2 1) SNR counterpart
(J2000) (J2000) (102 km s 1) (109 K km s 1 pc2)
ALMA.B3.01 22 15 58.16 -17 38 14.5 1.466 3.7 ± 0.2 19.9 ± 1.1 18.8 NB921 [O II]
ALMA.B3.02 22 15 57.51 -17 38 00.5 1.450 3.1 ± 0.8 4.5 ± 0.9 4.7 sBzK
ALMA.B3.03 22 15 58.54 -17 37 47.7 1.453 4.9 ± 0.3 21.6 ± 1.2 18.6 NB921 [O II]
ALMA.B3.04 22 15 59.52 -17 37 54.2 1.466 4.8 ± 1.1 6.2 ± 1.2 5.3 sBzK
ALMA.B3.05 22 15 58.05 -17 38 18.7 1.467 2.5 ± 0.6 4.7 ± 0.9 5.1 NB921 [O II]
ALMA.B3.06 22 15 59.72 -17 37 59.0 1.467 4.9 ± 0.4 21.2 ± 1.2 18.0 NB921 [O II]
ALMA.B3.07 22 15 57.28 -17 37 58.0 1.452 4.8 ± 0.7 11.0 ± 1.2 9.5 sBzK
ALMA.B3.08 22 15 58.23 -17 38 22.2 1.457 3.6 ± 0.4 12.2 ± 1.0 11.7 sBzK
ALMA.B3.09 22 15 57.76 -17 37 45.2 1.468 3.5 ± 0.7 6.8 ± 1.0 6.8 NB912+NB921 [O II]
ALMA.B3.10 22 15 57.23 -17 37 53.2 1.454 2.7 ± 0.2 14.0 ± 0.9 15.4 NB912+NB921 [O II]
ALMA.B3.11 22 15 58.75 -17 37 41.0 1.451 5.3 ± 1.0 9.6 ± 1.2 8.0 NB912+NB921 [O II]
ALMA.B3.12 22 15 56.92 -17 38 05.0 1.445 2.1 ± 0.3 5.6 ± 0.8 7.3 NB912 [O II]
ALMA.B3.13 22 15 59.77 -17 38 16.7 1.471 5.2 ± 0.7 10.6 ± 1.2 8.5 sBzK
ALMA.B3.14 22 16 00.41 -17 37 50.7 1.451 4.8 ± 1.0 6.2 ± 1.1 5.4 NB912 [O II]
ALMA.B3.15 22 16 00.83 -17 38 32.5 1.465 5.2 ± 0.9 10.9 ± 1.2 8.9
ALMA.B3.16 22 16 00.92 -17 38 31.5 1.465 5.9 ± 0.8 13.6 ± 1.3 10.6 NB921 [O II]
ALMA.B3.17 22 16 00.38 -17 38 57.7 1.460 4.4 ± 0.8 8.9 ± 1.1 8.2 NB912+NB921 [O II]
† The redshifts are derived from CO(2-1) emission lines.
Fig. 1.— Spatial distribution of galaxies with detection of CO(2-1) line which are shown by filled circles. They are color-coded based on
the redshifts estimated from the CO(2-1) lines, and the numbers next to the symbols show IDs of the galaxies (see Table 1). The solid
curve shows a region where the ALMA Band 3 data are available with a sensitivity greater than 50%. The cross symbols show the [O II]
emitters associated with this cluster (Hayashi et al. 2014). A star symbol shows a cluster center determined with extended X-ray emission
(Stanford et al. 2006). The background is the HST/WFC3 image in F160W. The dashed circle shows the cluster-centric radius of 0.5R200
(Hilton et al. 2010). Galaxies in the core region
Hayashi et al. (2017)
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Figure 1. Upper panel: The ALMA 1.25mm (Band 6) mosaic of XCS J2215 taken from six overlapping pointings covering a 500-kpc
diameter region in the cluster core. We detect 14 >4  continuum detections, demonstrating a very significant overdensity of millimetre
sources in this region. We list their properties in Table 1. We also overlay the SCUBA-2 850µm SNR contours from Ma15 starting at 2 
and increasing in steps of 1  (dashed lines showing the equivalent negative contours). Lower panel: Three colour HST image (F125W,
F140W and F160W), with our ALMA detections labelled, showing the restframe V -band morphologies of the millimetre sources. We
highlight source #4 as “nonmem” as this is a known interloper from its spectroscopic redshift and not considered a member of the cluster,
all the other sources have 12CO (labelled “CO”) or archival optical spectroscopy or photometric redshifts (labelled “mem”) which either
confirm (eight sources) or suggest probable membership (five sources) respectively.
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ALMA Band 6
CO line emissions for galaxies in XCS J2215 at z~1.6
Mapping a ‘whole’ proto-cluster with ALMA ?
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Figure 1. X-Y positions of all progenitors of galaxies residing within R200 of the most massive cluster in our sample at z = 0. Progenitor
distributions are plotted at four diﬀerent redshifts, with red circles marking satellite galaxies and blue circles marking central galaxies.
The dimension of each circle is proportional to the stellar mass of the galaxy. The black circle in each panel show a multiple of the virial
radius of the halo containing the central galaxy at each z. The latter is identified as the galaxy sitting at the centre of the most massive
cluster progenitor at each redshift.
Results presented above show that the proto-cluster re-
gion of the most massive cluster in our sample is very ex-
tended, ∼ 20h−1Mpc, and hosts mainly a population of
central galaxies at high redshift. At this redshift, central
galaxies are actively forming stars so that the proto-cluster
is a region of intense star formation. For the particular ex-
ample shown in this section, our model predicts a total star
formation rate of about 500M⊙/yr in the very inner region
and at z ∼ 2.6.
4 FRACTION OF PROGENITORS IN
PROTO-CLUSTER REGIONS
The results discussed in the previous section confirm that
proto-clusters are extended objects, and that their size
clearly depends on the particular redshift at which they are
observed. In this section, we focus on the characterization of
the typical size of proto-cluster regions by quantifying the
fraction of progenitors in regions of diﬀerent comoving size.
Contini et al. (2015)
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To get down to L*Bandwidth for sensitivity: 300 km/s 

Survey speed @ z=1.6
line                obs. freq.     band        mapping speed       beams / sq. arcmin
                        [GHz]                        [h / sq. arcmin]
CO(2-1)          88.7              3              4.4                                        4.2        
CO(3-2)        133.0              4              1.7                                        9.4   
CO(4-3)        177.3              5              0.86                                     16.8
CO(5-4)        221.6              6              0.35                                     26.3  
CO(6-5)        265.9              6              0.59                                     37.7
Bandwidth for sensitivity: 300 km/s 
Band 5 note: atmostpheric water line at 183 GHz
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CO(5-4) band 6: 
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(~6000 pointings) 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(~2500 pointings)
• ~50s on-source time per pointing 
• of order 5x longer @ z=4
